Abstract -We have developed very thin silicon nano-walls with a view to applying them to wide bandgap silicon solar cells. Employing nanoimprint lithography, anisotropic wet etching, and oxidation techniques, we formed a nano-wall array on silicon wafers. The width and height of the walls fabricated were several nm and about 1 μm, respectively. The pitch of the array was 150 nm. Photoluminescence and cathodoluminescence measurements were carried out for these samples to evaluate the bandgap broadening by the quantum size effect. As a result, we obtained a characteristic signal relating to the silicon nano-wall structure. The origin of the signal was discussed on the basis of a model, and the bandgap broadening of the nano-wall was indirectly suggested.
I. INTRODUCTION
The bandgap of crystalline silicon is lower than the optimum bandgap for solar cells, though it is the most common material for solar cells. Thus if the bandgap is controlled by some manner, further improvement in conversion efficiency is expected. A possible way to increase its bandgap is to apply the quantum size effect. The bandgap is theoretically increased if the width of the silicon nano-wall is as small as several nm; for instance, the bandgap was increased to 1.7 eV when the wall width is 2 nm [1] . To proof this concept, we have developed very thin silicon nano-walls with a view to applying them to wide bandgap silicon solar cells.
In the beginning, we employed immersion lithography and reactive ion etching (RIE) to form the nano-wall array on a silicon wafer [2] . However, what we found was that control of the cross-sectional shape of the silicon walls was very difficult and the sidewall was not smooth [3] - [4] . Use of dry processes such as RIE is, therefore, not always attractive because of large sidewall roughness and generation of plasma damages.
An approach to reducing the etching damage is to use anisotropic wet etching (AWE). Hence, we have developed an AWE process using KOH. In the AWE, difference in silicon etching rate between (110) and (111) planes is applied to make trenches; the rate of (110) plane is faster than that of (111) by around 200 times [5] . Thus, making line and space (L/S) mask patterns parallel to the (111) direction on a (110) wafer, we can form a vertical wall structure with smooth sidewalls [6] . However, no researcher has been reported on fabrication of nano-walls with a width of several nm by this method; the wall width ever reported is about 0.1 μm or wider. We succeeded in fabricating silicon nano-walls of 2nm in width. The nano-wall samples fabricated were analyzed by photoluminescence (PL) and cathodoluminescence (CL) to study bandgap broadening. In the following sections, we describe the details of the fabrication processes of nano-walls, and the PL and CL spectrum for these samples. Figure 1 shows the process flow for silicon nano-wall fabrication. We used (110) silicon wafers, and a 20nm-thick Si3N4 layer was grown on the wafer surface by LPCVD to use it as a mask for silicon etching. Then UV curable resist was spin-coated on it for making nanoimprint patterns. The mold used for nanoimprinting was made of quartz, and has a L/S pattern; the dimension of the L/S pattern mainly used in this study was 75nm/75nm (150nm in pitch) with a depth of 150nm. When the mold pattern was imprinted on the resist, the direction of L/S must be rigorously aligned parallel to the (111) direction of the wafer.
II. FABRICATION PROCESS OF SILICON NANO-WALL
After UV cure process, the mold pattern was transferred to the resist. Figure 2 shows a SEM image of the resist pattern formed on a Si3N4/Si wafer. To make patterning of the Si3N4 mask, we used RIE with O2/CF4 gas mixture, and etched Si3N4 layer using the nanoimprinted resist mask. Then the wafer with the patterned Si3N4 mask was dipped in a diluted KOH solution to make AWE of silicon. Figure 3 shows the SEM image of nano-walls fabricated by the AWE. The width and height of the wall were about 20 nm and 1 μm, respectively. It is clearly seen that the cross-sectional shape of the wall is rectangular with vertical sidewalls.
To narrow down the wall width to several nm, we employed thermal oxidation method and/or nitric acid oxidation method. As the SiO2 layer grows, the width of silicon wall inside the layer reduces. Thus we can obtain silicon nano-walls with a desirable width by adjusting the oxidation condition. Thermal silicon oxide (SiO2) was grown on the silicon walls in a furnace filled with O2 at a temperature of 875 o C [7] - [8] . Nitric acid oxidation was performed by dipping them in nitric acid solution at 108 o C [9] . An advantage of nitric acid oxidation method is that the growth rate SiO2 is very low, and the silicon nano-wall width is controlled precisely as compared to thermal oxidation. The SiO2 layer surrounding the silicon walls works as not only a supporting material but also a passivation material.
978-1-5090-5605-7/17/$31.00 ©2017 IEEE To observe the details of the nano-walls fabricated, a TEM image of the cross-section of the nano-walls was shown in Figure 4 . The interface between silicon sidewall and SiO2 is flat in atomic-level as shown in the magnified TEM image in this figure.
From the above results, we believe that the AWE is superior to the plasma etching to fabricate the silicon nano-walls. Thus, the nano-walls fabricated by the AWE may provide bandgap broadening by the quantum size effect. 
III. RESULTS AND DISCUSSION

A. Photoluminescence study
Photoluminescence spectroscopy (PL) is one of the most common methods to measure the band gap of silicon. Using the silicon nano-wall samples fabricated, we have investigated the band gap variation by PL. Since there is no detail study of the PL spectra in the energy range larger than 1.1 eV, it is very difficult to identify the signals, but we obtained some distinguishing signals.
We prepared two samples: one had a nano-wall width of 1.5nm (Sample A), and the other had that of 5.5 nm (Sample B). These samples were fabricated by AWE with different etching time. Thus the wall-width of them were different before oxidation. Then thermal oxidation was processed for these samples under the same condition, simultaneously. As a result, samples with different silicon nano-wall width were provided, and the properties of silicon-oxide are considered to be same for these samples. The TEM images for these samples are shown in Figure 5 . The PL intensity is plotted as a function of the photon energy as shown in Figure 6 . The PL measurement conditions where using a YAG laser (532nm) for excitation light. Also it detects a signal by using a CCD detector. The measurement was done at room temperature (298 K).
As seen from the figure, a broad signal with a peak intensity at 1.7 eV was observed in Sample A, while no clear signal was observed in Sample B. Since the quantum size effect is expected to be very week in Sample B, it is reasonable that the signal is approximately same as that of bulk silicon. The origin of the broad signal in Sample A is expected to be emitted from the silicon nano-wall not from the silicon oxide. If it is from the silicon oxide, a similar peak signal should be observed; the silicon oxide layers in both samples were grown simultaneously in the same furnace. The reason why the PL signal is so broad might be explained by the un-uniformity in the width of silicon nano-walls; the diameter of laser spot size was about 3mm, and the width varied widely in the area. However, what we found finally was the peak energy of the broad signal was not shifted when the averaged value of the silicon nano-wall width was varied by observing the different spot on the sample.
From these results, our current conclusion for the broad peak is as follows: i. The peak appears in the samples with very thin silicon nano-walls. ii. The peak originates in silicon nano-wall region and not in the silicon oxide. iii. But it does not correspond to the direct band-to-band transition in the nano-wall. 
B. Cathodoluminescence study
Cathodoluminescence spectroscopy (CL) is another useful means to observe the bandgap. The advantage of the CL is that 978-1-5090-5605-7/17/$31.00 ©2017 IEEE the space resolution is much better than that of the PL measurement, because the electron beam can be focused on a several nm area. On the other hand, when the beam is irradiated on an insulator, it is charged up very easily. Thus, in the CL measurement the silicon oxide surrounding the silicon nano-wall should be formed as thin as possible to avoid its disturbance. To do this, we employed nitric acid oxidation at the final stage in thinning silicon nano-walls instead of thermal oxidation. The thicknesses of silicon oxide in the two samples we prepared were1.9 nm (Sample C) and 2.2 nm (Sample D), respectively; the width of silicon nano-walls for both samples was about 3-4 nm.
In the CL measurement, a CCD detector was used, and the samples were cooled down at 37K. The energy of electron beam was 20kV, and was focused on the center of the cleaved surface of a silicon nano-wall In Figure 7 , the CL signals obtained for these samples are shown as a function of photon energy. A broad signal with a peak energy of 1.7eV was observed in both samples. However, the peak intensity is stronger in Sample C than in Sample D. If the peak arises from the silicon oxide, it is expected that the peak intensity in Sample C is stronger than that in Sample D. The obtained result was, however, opposite. This suggests that origin of the broad peak is silicon nano-wall related.
Difference in the peak intensity is probably due to the silicon nano-wall width. Though it is not easy to evaluate the precise width of silicon nano-walls used for the CL measurement, the averaged width in Sample C is smaller than that in Sample D. This may be related to the peak intensity in a similar way in the PL measurement. Fig. 7 . CL image of nano-walls difference silicon oxide thickness.
C. Discussion
We observed a 1.7eV broad peak in PL and CL measurements. This signal appears in samples having very narrow silicon nano-walls (3nm or lower), and the peak intensity is not related to the volume of silicon oxide surrounding silicon nano-wall.
To explain the origin of the broad peak, a model proposed by Kanemitsu et al is very useful [10] . The model is shown schematically in Figure 8 . In this model, existence of a SiO2/Si interface layer plays an important role. The interface layr is silicon rich, and has a high emissivity of by a broad spectrum with a peak of 1.6-1.7eV. Thus the electrons generated in the silicon nano-wall with a wider bandgap move to the interface layer, and recombine in it to emit the broad signal. Hence, the bandgap of silicon nano-wall must be wider than that of the interface layer. This model is consistent with our experimental results; the intensity of the peak is independent of the thickness of silicon oxide layer, and the peak appears only when the width of silicon nano-wall is smaller than 3 nm.
On the basis of the model, it was demonstrated indirectly that the bandgap of silicon nano-wall broadens up to 1.7 eV or higher. To observe the direct signal from the silicon nano-wall, we need more accurate measurement. 
IV. CONCLUSION
The silicon nano-wall structure is expected to be a new wide bandgap material for the solar cells, especially for the top cell of an all silicon tandem cell. To proof this concept, we have developed the process for fabricating silicon nano-wall array, and the following results were obtained: F 978-1-5090-5605-7/17/$31.00 ©2017 IEEE i) A fabrication process based on nanoimprint lithography and anisotropic wet etching was developed. ii) Using the process, we succeeded in fabricating nano-wall arrays with a wall width of several nm. iii) To observe the bandgap broadening of the nano-wall samples fabricated, the PL measurement and the CL measurement were carried out, and we obtained some preliminary results that suggest bandgap broadening.
